Natural waters are the main transport medium for radionuclides in the geosphere in case of an accidental release of radioactivity from a nuclear waste disposal. Complexation studies of radionuclides with natural organic substances present in aquifers are important to perform in order to predict their behaviour in natural systems. Interactions of trivalent elements such as curium for actinides and dysprosium for lanthanides with humic acids have been investigated by Time-Resolved Laser-Induced Spectrofluorometry (TRLIS) allowing to work at low concentrations of cations (IO -6 -IO -8 M). By using a "fluorescence titration" method, complexing capacities and interaction constants are obtained over a broad pH range (4 to 7) at a constant ionic strength (0.1 M). The influence of a competing cation such as calcium in the system in also studied. The complexing behaviour of Cm and Dy is analysed. Data are discussed and compared with existing literature data.
Introduction
The understanding of radionuclides migration behaviour is very important for the assessment of nuclear waste disposal in geological formations. In particular, the aquifer system of the site will constitute the main transport of radioactivity through the geosphere. Thus, the knowledge of the chemical species of the radioelements formed with the different constituents of the water appear as an important step of the prediction and modelling of radionuclides transport. Among the different components present in natural waters, humic substances considered as naturally occurring organic substances play an important role as complexing agents toward cations, and more specifically towards actinides [1] . As largely emphasized in the literature, these humic substances, namely humic and fulvic acids, do not behave as "simple" organic ligands due to their heterogeneous, polydisperse and complex character [1] [2] [3] . Hence, their complexing properties towards radioelements in physicochemical conditions relevant to natural waters conditions (concentration, pH, ionic strength competing cations) have to be investigated. Time-Resolved Laser-Induced Spectrofluorometry (TRLIS), which has been widely used for ultratrace analysis of actidines and lanthanides, is used in the present work for the determination of complex formation between fluorescent cations and humic materials. Briefly, since it has already been described [4 -7] , TRLIS is used as a "fluorescent titration method". Hence, by adding complexing reagents (such as humic acids) to a fluorescent cation of interest, an increase of the fluorescence occurs (excited state protection, energy transfer) until all the fluorescent cation is complexed. From such a fluorescence titration curve, important binding parameters are extrapolated such as the complexing capacity (W) and the conditional interaction constant (β). However, since TRLIS utilisation in this field is rather new, special cares should be taken in terms of chemical parameters control, interpretation of the titration curve, reproducibility and mathematical treatment. This study, which is the continuation of a previous work [5] undertaken with curium, is focused on the role of chemical parameters such as pH and the cation concentration. Hence, since the role of pH on the binding parameters (complexing capacity, interaction constant) is largely debated and controversial in the literature, more data are still required in this field. Moreover, since different experiments are undertaken with lanthanides to simulate trivalent actinides behaviour, a trivalent lanthanide, the dysprosium was also studied in order to verify the similarity between actinides and lanthanides with this method. Furthermore, in order to be closer from natural conditions, the eventual influence of competing cation such as calcium in the system was studied.
Experimental

Reagents
Standard solutions of curium (III) were prepared by suitable dilution of reference stock solutions of 244 Cm. Curium concentrations in the initial standard solutions were measured by mass spectrometry. Standard solutions of dysprosium (III) were prepared by suitable dilution of Dy 2 0 3 (Prolabo) previously dissolved in perchloric acid (Merck). Calcium solutions were made from Ca(C10 4 ) 2 prepared by reaction of CaO and HCIO4. All chemicals used were reagent grade and Millipore water was used throughout the procedure.
Humic acids
Humic acids (from Aldrich Company) as protonated form were used throughout the experiment. This humic acid has been characterized within the interlaboratory comparison exercise in the MIRAGE project of the Commission of the European Communities (CEC) [8] , Humic solution were prepared by dissolving humic materials (as lyophilized form) in the sodium Perchlorate solution (NaC10 4 0.1 M) adjusted at the desired pH value. The pH was checked and readjusted if necessary. Stock humic acid solutions were prepared at 200 mg/1 at different pH values in 0.1 M NaC10 4 .
Time-resolved laser induced spec tro fluor ome try
For curium analysis
A nitrogen laser (model 804, Sopra) operating at 337 nm and delivering about 1.5 mJ of energy in a 5 ns pulse with a repetition rate of 25 Hz is used as the excitation source. The laser output energy is monitored by a pyroelectric joulemeter (model Rj-7100, Laser Precision Corp). The beam was focused by a 10 cm focal length lens into a 4 ml quartz cell, located within the glove-box. In order to increase the sensitivity, two concave mirrors placed in the cell holder double the distance travelled by excitation and fluorescence emission. The fluorescence is analysed at right angle to the excitation beam by a monochromator (model H10 vis, Jobin-Y von). The fluorescence inensity is measured by a photomultiplier operating at a potential between 800 and 1200 V (model 928 S, Hamamatsu). The pulsed photomultiplier signal is amplified by a laboratory-constructed amplifier and fed into an oscilloscope (model 468, Tektronix) and a boxcar integrator (model 162/165, EEG). The boxcar is connected to a microcomputer (model HP 86 A, Hewlett-Packard) to yield either time-resolved fluorescence spectra or lifetime measurements for storage and display. The boxcar integrator and the monochromator are run by a data acquisition control unit (model DI-AN, Micro Systems Ltd) and for most applications the boxcar gate (gatewidth 5 μβ) was set 20 μβ after the laser pulse.
For dysprosium analysis
A Nd-YAG laser (model YG 585, Quantel) operating at 355 nm and delivering about 2 mJ of energy in a 10 ns pulse with a repetition rate of 10 Hz is used as the excitation source. The laser output energy is monitored by a wattmetre (model 362, Scientech) and the output energy is kept constant with a laboratorymade controller. The laser beam is focused into the cell of the spectrofluorometer "PLUO 2001" (DILOR, Lille, France) by a quartz lens. The radiation coming from the cell is focused on the entrance slit of the monochromator. The detection is performed by an intensified photodiodes (512) array cooled by Peltier effect and positioned at the monochromator exit. Recording of spectra is performed by integration of the pulsed light signal given by the intensifier. The integration time adjustable from 0.1 to 50 s allows for variation in detection sensitivity. Time-resolution is obtained by the control unit that assures pulsed running of the intensifier and the photodiodes array. The logic circuit used to generate the signals allows measurements with a delay adjustable from 1 to 999 μβ with a gate width adjustable between 1 to 999 μβ. The signal acquisition is performed via DMA (direct memory access). All functions of the apparatus controlled by a PC-AT (PS2, IBM) microcomputer (temporal delay, gate width, integration time, reading of spectra,...) are programmable by the use of an IEEE 488 interface. For most applications the boxcar gate was set 1 μβ after the laser pulse and for a duration of 20 μβ.
Fluorescence measurement procedure
All fluorescence measurements were performed at 20° C. No attempts were made to exclude air. Progressive additions (5 -10 μΐ) of humic substances were performed in a quartz cell containing respectively 1 ml of fixed curium concentration or 2.5 ml of fixed dysprosium concentration in 0.1 M>NaC10 4 (at the defined pH value). The pH of the solution in the cell is measured at the beginning and at the end of each experiment with a conventional pH meter (PHN 81, Tacussel) equipped with a subminiature combined electrode (TCBC 11). The curium or dysprosium fluorescence intensities were respectively recorded at 601 nm and 576 nm without humic substances and after addition of the humic acids until the curium or the dysprosium fluorescence signal was asymptotic. Three titrations were performed for each pH and cation concentration.
In the case of the dysprosium solution titration in presence of calcium, progressive additions of a calcium solution (0.1 M in 0.1 M NaC10 4 at the defined pH value) were performed in the cell containing the appropriate concentrations of humic acids and Dy (beginning of the plateau region of the titration curve without Ca). The Dy fluorescence intensity was recorded at 576 nm after each addition of calcium.
Results and discussion
Spectral effects
As previously described in [5] , with the experimental conditions used, competitive phenomena that could
.aWJ' " Non complexing medium. b Medium used for curium and lanthanides determination in nuclear samples [9 -10] . c Main peak since the fluorescence spectrum of dysprosium is characterized by three peaks located at 482 nm, 576 nm and 667 nm.
be responsible for fluorescence decrease such as absorption or quenching can be neglected and the fluorescence signal is only proportional to the curium or dysprosium concentration. Complexation between curium and humic substances leads to a slight modification in the spectral (fluorescence spectra) and temporal (lifetime) parameters [5] and it was expected to be the same case for dysprosium. Figure 1 shows a 3D dysprosium fluorescence spectrum in the presence of humic acids with the three characterstics peaks located at 482, 576 and 667 nm (respective transitions from the excited state 4 F 9/2 to the fundamental states 6 H x/2 , χ = 15, 13, 11). Table 1 sums-up results obtained for curium and dysprosium with humic acids in terms of fluorescence wavelength and lifetime and compared to a non complexing medium (NaC10 4 ) and to a strong complexing medium used for the determination of these elements in nuclear samples, carbonate medium [9 -10] , As seen from this table, the complexation between humic substances and dysprosium gives a small increase for the fluorescence wavelength as well as for the lifetime compared to non complexing media (NaC10 4 ). Hence, humic acids which are macromolecules, form a large complex with curium or dysprosium and are only transferring their energy via their triplet state to curium or dysprosium. The importance of this energy transfer depends on the excitation wavelength and the energy gap between the humic acids triplet state and the closer curium or dysprosium excited state. On the contrary, in carbonate medium, carbonate ions protect the curium or dysprosium excited state in a close shell arrangement, leading to an important variation of the fluorescence wavelength and lifetime. Due to the low fluorscence quantum yield of dysprosium and the weak energy transfer from humic acids, it was not possible to perform precise measurements below 10" 6 M. Thus direct comparison (in terms of concentration) between curium and dysprosium is not possible. plexing sites occurs under the experimental conditions. As seen from these figures, a good reproducibility of the titrations is obtained. From these titration curves, different binding parameters are obtained such as the complexing capacity W (expressed in mmol/g) and the conditional interaction constant β under the following assumptions : i) a 1:1 stoichiometry for the complex, ii) no hypothesis made upon the chemical nature or structure of the complexing sites, iii) the determination of an overall conditional interaction constant. The complexing capacity represents the number of moles of cation bound per gram of humic acids and thus gives the amount of complexing sites under the experimental conditions. The complexing capacity W is obtained from the titration curve (as schematically shown in Figure 3 ) by the intersection of the linear increase with the asymptote. Furthermore, from this curve, the interaction constant β is evaluated by a non linear regression technique, as already described in [5] , using the Marquadt-Newton algorithm, β values are so obtained in 1/mol.
pH effect on binding parameters :
log β and W As seen from Table 2 and illustrated on Figure 4 , the complexing capacities (W) of Aldrich humic acids increase with increasing pH (4 to 7), whereas the interaction constants (β) appear insensitive to pH as reported in Table 3 and illustrated on Figure 5 . These trends are observed for curium as well as for dysprosium. This pH effect on complexing capacities is related to the increase of ionized complexing sites of the humic molecules with pH, considering that in this pH range (4 to 7), the complexing sites are mainly carboxylic groups. These data corroborate results obtained by other authors [3, 11, 12] , The non-influence of pH between pH 4 and pH 7 on the interaction constants for Cm and Dy with humic acids at a fixed cation concentration constitutes a somewhat important observation. These results confirm previously obtained data [5] , The average values (lines on Figure 5 ) of the conditional interaction constants are found to be: Moreover, no results have been obtained at higher pH (pH > 7) except the work of Bidoglio et al. [7] and Maes et al. [16] in which interaction constants of respectively Tb(III) and Eu(III) with humic acids have been obtained at respectively pH 8.5 and 9 (in carbonate media) but with large discrepancy (log β = 6.7 [7] , log β = 13 [16] ). Further studies are still in progress on trivalent fluorescent elements with TRLIS in alkaline media.
10.00i .. Τ »T-ι.
• As already emphasized in the literature, the pH effect on the interaction constants has been largely debated. In some cases, interaction constants appear insensitive to pH as shown in [6, 11, 13, 14] with Eu(III), Cm(III) and Am(III), in other cases a large dependence with pH is observed for Am(III) as well as for U(VI) and Th(IV) [1, 3] . It should be also emphasized that the technique used may greatly affect the variation of the interaction constants with pH as stressed by Ephraim [15] for Eu(III) complexation studies with humic acids by ultrafiltration and ionexchange techniques. The range of cation concentration studied varies from 3 χ ΙΟ" 8 M to 2 χ 10~6 M for Cm and Dy in the present study. The cation concentration exerts a relatively great effect on the complexing capacities at a given pH, in particular an increase of the complexing capacity with the concentration. This trend may be explained either by the presence of different types of complexing sites in the humic molecules or by a competition effect with the sodium ions present in a great excess (0.1 M) compared to the cation concentration (nanomoles to micromoles). Studies at different ionic strengths will be performed in order to assess this hypothesis.
The effect of the cation (Cm, Dy) concentration on the interaction constants has also been evaluated as depicted on Figure 6 . Also included are the results obtained in previous studies with other analogues of trivalent elements on i) Am(III) complexation by Aldrich humic acids using spectrophotometry [17] . This may be explained by a loading effect: at low loadings, stronger sites will be favoured whereas, at large loadings, weaker sites will be involved in the complexation. This concentration effect has also been observed by Bidoglio et al. [14] with Eu(III) using TRLIS between 2 χ 10" 5 M and 2 χ 10" 7 M of Eu. Figure 7 shows the effect of calcium between 1 χ 10" 4 M and 3 χ 10" 2 M on the fluorescence intensity of dysprosium in the presence of humic acids. The initial concentrations of Dy (2 χ 10" 6 M) and humic acids (3.3 mg/1) have been chosen from the titration curves (at pH 5) at the beginning of the plateau. As seen from Figure 7 , the fluorescence signal does not vary between 1 χ 10" 4 M and 4 χ 10" 3 M [Ca], which is the mean range of calcium concentration found in natural waters [18] , for a dysprosium concentration of 2 χ 10" 6 M. In this concentration range of calcium, no effect of calcium is observed which would indicate the binding of calcium ions with free complexing sites in humic molecules. Above 4x10" 3 M of calcium, the fluorescence intensity decreases which indicates a competitive effect with dysprosium. In these conditions, calcium and dysprosium will occupy the same sites of complexation. This competitive effect of cations in the complexation reactions is not clearly demonstrated in the literature, since for some authors different sites of complexation occur in the humic molecules [7, 19, 20] leading to an absence of competition between two cations, as explained in details in [21] . In our study, complementary studies are necessary to complete these results.
Competitive effect of calcium on the complexation
Comparison with literature data
The comparison of the interaction constants values of trivalent actinides or lanthanides (as analogues of trivlent) with humic substances produced by TimeResolved Laser-Induced Spectrofluorometry with literature data as detailed in [21] and summarized in Table 4 (only data obtained on Aldrich humic acids or by time-resolved laser-induced fluorescence have been taken into account) yields to two comments. The first one is a relatively good agreement with all the literature data published on trivalent elements. The second one concerns a more specific comparison of our data with data obtained with the same technique (titration of a lanthanide solution with humic acids as done in [7] and titration of humic acids by a curium solution as carried out in [6] , both by a fluorescence technique). It appears that the present interaction constants are somewhat higher that the data obtained by Kim et al. [6, 11] and Bidoglio et al. [7] , It should be noted that in these different studies, humic acids are not from the same origin (Aldrich or Gorleben.)
Conclusion
Time-Resolved Laser-Induced Spectrofluorometry appears as a powerful, sensitive and reproducible analytical method for studying the complexation of fluorescent cations with humic substances, As mentioned in the introduction, the influence of some physicochemical parameters (pH, presence of a competing cation) has been investigated. In the pH range 4 to 7, pH has no effect on the interaction constants for both curium (between 3 χ 10" 8 and 5 χ 10" 7 M) and dysprosium (at 2 χ 10 ~~6 M), but pH plays a drastic role on the complexing capacities in agreement with the enhancement of the complexing site concentration with increasing pH. Moreover, one observes a relatively great influence of the cation concentration on the complexing capacities and the interaction constants, which is not yet quite well understood. Complementary studies will be performed to assess the proposed explanations. In the range of trivalent cation concentration studied here (3 χ 10~8 M to 2x 10" 6 M), mean conditional interaction constants are found to be 7.2 < log β < 9.5 between pH 4 and 7. Furthermore, from preliminary results (under our experimental conditions) obtained on the competitive effects of cations found in large concentrations in natural waters such as calcium, it appears that calcium should have no competitive effect on trivalent complexation with humic substances at calcium concentrations representative of those found generally in waters.
